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ABST PACT

A mass spect rometer study has been conducted Involving
double bose plateau bu rn in g  propellants  containing lead and
copper organic sa l t s .  The pyrolysis and combustion of the
metallic salts were also investigated . The resul ts  revealed that
the meta l l i c  sa l ts  decompose to the gaseous and condensed
ph ase metal l ic  elen~en t s .  The gaseo us lead or copper atoms
then react with the n i t r a te  es ter s  to form compounds such as
PbNO 2 and CuNO 2 ,  which a re stable in the in termedia te  temperature
zones. When the ni tr i tes  enter the combustion zone they react
to produce the  mot 3l l ! c  h y d r  x i d e s  and oxides as predicted by
the th orm odyn~~~ic e q u i l ib r i a .  The fo r out io n  of t h e  PUNO 2
and  C uN O2 rr ay be the  cr i ter ion for  th e  ~~e c h ~~n i s~ -, of the mesa
effect ,  
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I . INTRODUCT ION
Th13 ry~) r t ~‘ r . - ~~~ t : ~c3 ~~sul t s  of a m ass  s~~ec~r ’~::’ ’ ~~r -. t ~~dy ‘,f

t h~’ c i ’ ~~i e ~y . . :;. .~!—ra t c  and p la teau  hu rn i t ~ j p r op ul l ar .t s .  Double
base propel lants containing lead and copper additives were invest igated.
Exper i m en t s  v;c’r~. ’ pc rfelL ~ed to d :termi ne the  mccbnn i s rn s  and r~ n cti ons
resul t ing when organic lead or copper compounds were added to
ni t ra te  ester propel lants . This invest igat ion was conducted in thre e
phases: (1) decomposi t ion s tudies  of organic lead and copper additives ;
(2) combustion studies of the addit ives in an H 2/02 f lame;  and (3) studies
of the re act i on s of the prop e llant  itself a f ter  ignition .

Previously , various experimental  s tudies were conducted involving
le ad compound catalyzed doubl e base prop ei lants , inc lud ing  investi gat io ns
concernin i  heat of explosion , strand burn ing ,  rocket motors , and others~~~

12

The data heretofore reported indicate  th at  the key to es tabl i sh ing  the
mecha nism for super-rate and plateau burning may lie in the unders tanding
of the re actions t ak ing  place between the lead additive and the ni t rate
ester prior to high temperature  combustion . Thermocouples imbedde d
in the solid propellant below the burning surface  have indicated that
some types of reactions occur prior to combustion , showing a h ig he r
temperature for propel lants containing lead additives than for the unmodif ied
propellar its .  In addition , severa l investigative groups found that the
heat of combustion was higher in the case of the lead addit ive propellant .
This may have been due to either the direct combustion of the lead
compound forming higher energy acidic or oxide compounds , or to the
combustion of a lead intermediate , as suggested by Suh , et al , 6 result ing
in more energetic combustion product s .

It has been shown that  rio plateau Is formed when the propellant
is burned at high pressures , resulting in higher temperatures ,
suggest ing that  at these high tempera tures  the intermediate  compounds
which would normally result  from the reaction between the lead addit ive
and the ester are not for m ed ;  in s tea d , both t u e  load compound and the
ni t ra te  ester are consumed ind iv idua l ly  ari d thus  no p l a t ea u  hurn in o occ~’r s

Several hypotheses and th e orc t i c a i  mc cn an i sms  have b~ cn
advanced for super-rate and plateau burning lead compound additive

1.
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1’ •~~~• Based on previou s invest igat ions , these include: (1) the
6 : bet ween the chelote lead atom and a lky l  n itrat e ;

(2) radiation absorocu into the propellant from the f lame; 7 (3) the reduction

of NO by ca ta lys i s  sction of th 0 load compound act ing in conjunction

with the carbon on the burning surface; 
L~ (4) the exothcrrnic reduction of

NO to NO with accompanying oxidation of C , H , O species; 5 and (5) the

formation of NO 3.
Although these  previous inve s t iga t ions  offered conclusions re gard ing

the mechanisms involved , no genera l agreement has been reached and

therefore the chemical  causes of plateau burning have remained unresolved.

Specifically,  u ncer ta int ies  and disagreements exist pert a ining to the

mecha nisms which produce p la teau  burning when lead compounds are

added to doubl e base propel lants , the identification of the pre-f lame

products involving the lead and double base components , a n d the lead

compound combustion products.
The results of the present study indicate that  the decomposition

of the organic metal l ic  addi t ive yields the metal l ic  atom , whethe r in a

condensed or gaseous phase .  The gaseous lead atom react s with the

nit rate ester in the precombustion , or f izz , zone to produce PbNO 2 ,
which remains s table  at moderate temperatures  (below 1000 00) ,  In the

combustion zone the PhNO 2 is consumed and the classical products of

combustion , PbO , Ph0 2 ,  et c . ,  a re formed . T he removal of NO 2 as a

reactant  at moderate pressure s and at the lower temperatures  may be a

factor In the formation of the plateau burning region .

~\ brief summary  of the resu l ts  of other experimental  inves t iga t ions ,

a description of the mass spectrometer and four—stage  d i f ferent ia l ly

pumped mass spectrometer appara tus , ari d a discussion of the results

obtained in the inv e s t ig at ion  at this  laboratory are presented in the

following sections of this  report .

II . R A CK OR O UN I )
Nu:: ~er ~u : lr ,v t i . . t i u n~; hay : b een conducted to determine the

causes , and to propose mechanisms , for super-rate and plateau burning

2



It.
pro ocl lants . 1—12 Tb ~~~~~~~~~~~~~~~~~~~~~~~ h ave  included r .. sr ~~r~:h ~n str e nd

~~~~~~~~~ :~~~‘ 0 ~~~~~~~~~ ~~~~ . ;., ~ . ..e.~.i ~:
‘ ~s ‘ . ,

and pressure profile s tudies of double base prope flants modifi ed w i tn
1 to 2~A len d compound concen t ra t ions .  A s u m m ar y  of the resul ts  of
severa l of those  i ve.-~t 1~Ju . i ons  is prese nted ~eic. w .

Early work on the use of metal additives to produce super-rate
and pl ateau burning has been reported by Preckel , 1 who found that the
addi t ion  of ce r t a in  lead comp ’~u n d s  to n i t ro co l lu los e  prope llants tended
to limit the burning rate at pressure levels below 5000 psi . Plateaus
were fo rmed at lead s tanna te  concentra t ion s  bet~veen 0 .5  and 1%. Higher
lead sal t  concentr at ions moved th e  ;~lat ~~au to le’~.er pressures and burning
rates ,  He found tha t  a l iphat ic  lead sa l ts  resulted in p lateau burning
at low pressures with low burni n g rates , while a romat ic  lead salts gave
plat eau burn ing  at high pressures with high burn ing  r a t e s ,

Preckel made photomicro gra phs of the b u r n in g  pr opellant surfaces
and of the sloughed off carbonaceous debri s dur ing strand burning tests
in a closed bomb. Globules of molten lead were observed at all pressures
be1o~.; the  upper  l im i t  of the  l o t e a n  but did not appear  above the plateau
l imit , lie hypothesi zed tha t  the ca ta ly t ic  action of the lead compound
could ~vell i nvolve only the oxy~ e n—cont a in ing  spe cies in either the
condensed or the gaseous phase d ir ec t ly  above the surface . T he accepted
mechanism of n i t r a t e  ester decor anos it ion to NO 2 and to the RO’ r adi cal ,
followed by the reduction of NO 2 to NO , and the  eventual  slower reduction
of NO to N 2 ,  has been thought  to involve a catalyt ic  cycle of reactions
with Pb and PbO; Pb is assumed to be oxidized by NO or NO 2 and the
resultant  PhO reacts with oxidizable molecules or fragments  to regenerate
Pb . Preckel stated tha t  this action could occur either in the gas phase
or in a condensed zone in the extreme outer layers of the burning mater ia l .
However , he reported tha t  a l thoug h this mechanism appeared appropriate ,
it b ed not been conc lus iv e ly  est ~ blishod

Camp,  et a l , U~~l2 have presented a condensed phase hypothesis ,
prop osing tha t  the adsorption of radia t ion below the burning sur face  of
the propellant is a s ignif icant  factor in super-rate  burning . Their explanation

3
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no :eenon is nr~ d . .~uit of the

~~ tao b u r n i n g  s u r f a c e

which shie ld  toe su r face  f ro m . nsoroi ng radiation . They also suggest
tha t  th e  accu mu l at i o n  of l’e:ei met a l  on the sur face  increases wi th
pH ssur e

Lench itz and }Iaywood 2 st udied photographical ly  the burning
surfaces of double b~ se propellant  st rands modi f i e d  with lead addi t ives .
T hey fo u nd tha t  ~at bu rning pressur es  of 150 lb/ in 2 the b urn ing  surface
of the modified propellant wa s homogeneou s , was well for m ed and had
a uniform glow . The non-modi f i e d  propellant surface showed loca i ized
pockets of react i on , w i t h  hot p ar t ic les  being ejected in t e r m it t ”n t ly .
In add i t ion , t h e  f i n a l  gas pressure of the modif ied  p ropc i l a n t  exceeded
that  of the non- m od i f ~cd propella nt at 150 lb/ in 2 . This d i f fe rence  was ,
ho , .’evor , too sm ~di to be ~n si der c .d s ign i f i can t  and could not be used
as a de f in i t e  indica t i on of the completeness of reaction . The higher
bu r n i n g  r 0 t o  of the  m o J i f i o ~i prop ella nt therefore indicated that  the sur face
reaction in tb .’ :~ o 1 1 f i • ~J r r cp e l l art t was more energet ic  and not as

f ioo ~ t h’j f l ame  as wa~ t ne  n~ n — n j ~ d i f ~ :0
pr or ” l l i n t . Dif :  e .;~ees in f l ame  struc ture disappeared beyond the p la teau

H ’ t h e  Lununc j  re t e  was s ign i f i can t ly  inf luenced  by the t ransfer
of h~:.~t cau sed  b y t i . ~ iam b t emp era t ure gradient  between the surface
anJ  t . :L ’  f l a m e . ~hey conelu ~ c?d t h a t  in addi t ion  to induc ing  chemical
ch ang e s ~t l ow pr e ssur e  w i t h  corresponding changes in .Q, lead
st e : i r at e  may he v o  a f f e c t L o ~ th~ compl eteness of the reaction ; tha t  is ,
when Q changed w i th  pr essure it was assumed that  lead stearate
i n f lu enc ed  t u e  c :hcmistry of the reaction . The chemical analysis  of the
ga ses showed t h a t  the C02/CO ratio was nearly that  of the non—addit ive
propel lant .  However , th e  eu th ors stat ed tha t  it was possible that  the
l~ j d st ua r ~ te i nduced s i m u l t a n e o u s  changes in the physical  aspects of
t h e  b u r n i n g  pro c ~s . T h: y f e l t  t ha t  the complex i ty  of the  burning reaction s
precluded any qu an t i t a t i ve  est imates ,

. ‘ i  m a n  and  T ej i m a  s t u d i e d  the docotapos i t ion of nuiro cel lulose
separa te ly  and with 2 ’4 lead s tearate  addi t ives .  The additive caused
an increase in the NO 3 con centra t ion (al though NO 3 was not directly4
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the  o X h : ) t i ) n  m t : ~L a I  f ’  :~~a . ’. i c . ns ~~ie~ s n j .  .ei n j  ;x: .. r ~ ..,~..• c _ j i

obse rva t io ns  were: (1) an in.a ~~i s c d  r e gr e s sion rat e ;  (2) a h igher  overa ll
chemical ac t iv i ty ;  ari d (3) an increased oxidation rate of C—H-O species
. \  •~O 3 ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ k y ~PT) 2 . Th ey t oe .’.; d e t o r :n i n e . l  t h a t  th e  in c r . a : ~ ed
regression rate wa s  due to the  f a s t e r  rate of ox ida t ion—reduct io n  reactions
induced by t h e  lead cn~alys t .

A second conclus ion base d on t h e i r  s tudies was th at  nitrogen
di oxide apparent ly  was not the in i t ia l  decomposit ion product of solid
double ba se p rop e l l an t s .  Furthermore , :~o ra ther  tha n N O 2 appeared
to be formed wh en  NO 3 wa s  reduced , and NO 2 wa s not a primary product
from decomposi t ion  of ce l lu l o se  n i t r a t e .  They s t a t ed  tha t  Ad am s and
Wise m an 13 had also r ;a d e  t h i s  de t e rmina t ion  ear l ier . D a u n r i n a n  and
T oj ima  f u r t h e r  conc luded  t h a t  the  p r e dominance  of n i t r i c  oxide as the
volat ized species i n d i c a t e d  tha t  NO 2 reacted v er y  rapidly  in the thermal
zone  of n i t r o c o l l u l o n e  if it was indeed formed i n i t i a l l y  by rupture  of
the Co-N O 2 bond.  NO 2 was comple xed as the n i t r a t e  group (C0N02) ,

or cc r:. rl ’: ’ x~ei i m m ’ : d i o t ’ : i y as it was  formed when n i t ro ce l lulose  was
h oo f o~i and th o ~ r e  a c t e d  very rap id ly ,  leadi ng to the format ion  of highly
o ;•:rd im. , k  sp eci~ s suc~i as II~ O , CO , 002 a nd carbony l and acidic

d i a t o s

D n u c ’r m a n  and T aj i m e  inc lud e d  a comment in the i r  pub l i ca t i on

tha t  th e  rev iev ’ors had sugges ted  tha t  their  fa i lure  to observe NO 2 as
t h e  ; m d c : : ; i n a n t  species di d not n ec essa i i ly  mea n tha t  the in i t i a l  step
was not a CO 2 -NO 2 bond scission . The reviewer ’s argument  was that
t h e  N O2 fo rm ed  \ V O Uij  ni t ~ally disso lve in the ni trocel lulos e and oxidation
processes leading to the roductio~ product NO would t ake  place in the
condensed phase.  However , it should be noted that  n o a t t emp t was

made to dete rmine the  lead in termediates  or any react ions  involving
th e  l e a d  composnd :

Holler and Gordon 1° hav e concluded from gas phase studies
of double ba se p r o p e l l a n t  s t h a t  r eac t ions  b etween  th e n i t r ic  ox ides and
organic hydrocarbons occur in the foa m and f izz  zones.
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r e s u l t L  .1 f m a . t h e  lo~~. r .; i d i t i v ~ ceo l P  i nn  car b o n a c eou s  m a t t e r  at
or near  t he  p r o p e l l a n t  s ur fa c . ’ . This in turn induced a reaction between
NC ) and a ny  of ft r a t m  t e k e s  in the v i c i n i t y ,  such as H 2 ,  C ,
C~

) , ~~~~~ ~~~~ m e l .~~i .: , ~‘. e .  .,: . ‘,‘~~~~~~, i f t o ; :  ‘ e m  t e a  ::m ch ..r n eea

it would be a n t i c i p a t e d  t h a t  l a m  .;er q u an t i t i e s  of CO -

~ 
002 would appear

i n the f ina l  products  s ince  ch arco a l  r eacts  wi th  NO to form 002 + N 2 .
ft ‘.“h i n , et iii , f a u n d  th . t ~

(
203, C0~ O~ CuO , ZnO , Sn0 2 an:!

M 2 O3 i n c re a s e d  the i u r r ; i r ; g r a t e  w it h  pre ssure . However , P hO was
the only m e t a l  oxid w h i un  pr e :iuce:i s u p e r — r a t e  and pla teau b u r n i n g .

. 9  . . ,Salooja o oer~ :1 t n .~t wn .  r oa s  P : O  in h i b i t s  the  combus t ion
of h y d r o c a r b o n s , it s i m e n g l y ; :r oa:ot es  th e  com ; u st i e n  of oxygen

der iva t ive s  of h y dr o c ar b o n s  such as f o r m a l d eh y d e , aceta tes  , etc.
thus  i n c r ea s i n g  t h e  f e r i a n t i o n  of CO 2

Kubot a , et al , i n v e s t i g a t e d  various meta l l i c , metal  oxide and
metal  organic add i t ives  to n i t r oco l lu lo se  and t r i : n e t h y l o l e t h a n e  nitr a te
(T~\1L~ :c) pr op e l l a n t s .  The lead organi c  salt  a d d i t i v e s  produced both
s u p e r — r a t .  an:i  ci  j t .. . .u ha r em . Tha me ’ions d i r e c t l y  a f f e c t e d  by the
lead coe peun i \ v a r e  t h e  can .L n e c c i  phase  j u s t  nelow the  b u r n i n g  s u r f a c e

and th a  b u n - i n c  s u r f a c e  i t s e l f  (~ d i s t an c e  less th an l O O c  at 1 atm and
20.  at 20 at:: ) , wh• _ r . the  la  ~ co p e a r H o  J: cornpos ad u l t i m a t e l y  i n t o
f in e l y  d r v i d . . J  :m t a f l i c  i C a d  or l e a d  ox ide products  . The decompos i t ion

products  of t h e  lead ca ta lys t  r e act ed  wi th  n i t r a t e  esters  in th i s  su r f ace

reaction layer  wi ;er .e  the chemical  degrada t ion  goes to NO 2 ,  aldchydcs ,
e t c . ,  a l te r ing  their  normal  t h e r m a l  decomposit ion paths so as to produce
a n increased amoun t  of carbon at the bu rn ing  sur face . Most important ly,
the presence of lead compounds resul ted in a strong acceleration of the
f i zz  zone reactions (with in  100 of the sur face)  . The result  of the f izz
re action rate acc e l era t ion  wa s  en increased h e a t  feedback which produced
su n . . r — m t o .  one n e . Li;: e t a  , et al , c-cod a ii- ii t h a t  t h i s  ac t ion  of the  le a d

compounds to produce increased carbon and the accelera t ion of the f izz
zone r eac t ions  :‘.- o r c  d i rec t ly  coupled.  The ror t ion of de cor i rpose d  organic

molecules w h i c h  app ea red  at the surface in t h e  form of ca rbon rather
tha n readily oxid i sable  a l d ohy d e s  could have reduced the effect ive fuel
to oxidizer r a t i o , c o n s t i t u t i n g  a sh i f t  in equivalence  ratio toward the 

~~~~~~~~~~~~- - —. - ._
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St O i L ’ O i ) : : -,~ t oc  ‘ .  I I hy de  mix tu rc : s  would result
in  a c m a t l y ~~~ 1 - r . c  - 1 n r ; t :  (t I m ch ar ; i s r : ;  for t h e
fi zz zone react ion rate acceleration)

Lb : t j , e.’ iii , e c : ] J 1 e  1 t h -  o l a t e au  f f . ct by t h e o r i z i n o  th at

- - — c, . , , . : r ~~t ;e . n - . - m a J  t h ~ t ; : : a a v a i L : i-a f o r  t : a .  i e ; t i  ~I c at  l v t i c
act ion in t b :  su r face  o - act ion layer  decreased .  Thus the f ract ion of
H u s - t e n t : .  a f f u c t ~ by h; .’d cnmr ounds  a n d  in c r ( : a s e d  NO 2 decreased in
t i  U Z Z  S a O _ : ..~ t a  i C e i ~~~~J O a i ! i i O  O m - : . T h a t  is , t i  Su p  r — r a t °
L irrs ;og s i r : : ;n ~ eh ’:b as p r e s s u r e  inco:ases i . The  r a t -  of super— rate b urn ing
with  in c r e a s e d  p r e s su r ~ :1 t a r e in d the  slope of the b u r n i n g  rot-c p l a t e a u

Th ; e t h a ~~: y,  ho - .-: :ee r , d i f f  i s  f r o m  t ha t  of l i cv . ’k in , et al , 4 who
r :,ort . :1 t h a t  car  on cat j l ’:zc :d t 0 :  N C) r e du c t i o n  in the  f i z z  z: na ;  Kuh ota
et al , stated t h a t , i n s t e a d , lead co:npae:.ds increased the NO 2 concentra —
ti - c- : ;t ~~r 1 n g  t h e  fj z ; :  ZO :;. : .;h ch r i  t u r n  . a c c e l :r m  :1 the g a ;  phase
r e a c t io n s  :-.-ri ~ oh u t i l iz e  N as t h e  ox i d i s e r ,

Suh , ot al , 6 in i n \ ’e s tj :a t i n c  the e :u di t i on  of lead compounds  to
dou ble eas e pr op - I l a n t s , also found  t h a t  inC dded thermocouples  showed
Si n o t t  -am r en iccn a t  t he  s u r f a c e  s f  or 0~~, :ll a O t s  c o ot n i n i n  -; l o a d  sal i  cy l a l d c h yj o
or leusi  s t e n n a t e  ‘I be Q v~~lce for  the  m o d i f i e d  p rope l l an t  v -es  h i e n ~ r t han
for the u n m o d i f i e d  p r o p o l l : : t  ( C O B  cal/g v s .  532 cal/g at 150 psi) , The i r
ana lys i s  cci t o o  g a C O Q U S  procaeL ~ of c~~;ecse~t ion  a t  200 p si  sho~- ; d  t h a t
in al l  t h e  : : d i f r e d  p r s e e e l l a o x  t a s  c e s c e o t r a t io n  ~f NO ~.-.-as  r educed
For t e~ l e a d  . at 3 0 0 .. t C  pm p : l i n r . t s  t oe ::o .-.-~~~~~ :OU c Od t o  o n e — h a l f  ba t
the CO and 002 were the sa me for both the mo d i f i ed  and the unmo di f ied
p r e p  11- an t s .  Suh , et al , proposed tha t  the lead modi f ie r increased the
b u r n i n g  rate in the lower reuion of pressure by expediting the initial
dec omposi t ion react ion th rough  the reduction of energy of ei ther  the
RO-N0 2 or th e  R—ONC ) 2 bond .  It was assumed t h a t  the lead in the
modi f i e r  was  in p lumbous  condi t ion , where it formed a number  of compounds .
They sugge s ted  t h a t  tee: for ce en of t ee  co:: p lcx  i nv o iv l r ;g  the:  n l t r ;  mo ie ty
weakened the RO-NO 2 bond , leading to an increase in the burning r at e
by expedi t ing  the d i s s o c ia t ion  of the n i t r a te  ester . All of t he lead
salts which would thus  modi fy  the propellant , causing super-rate burn ing ,

7
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‘ m ; i t , i n c h e l . i t ;n  ca-:: ooJn  is . Su i ; , a t  ci , en v ;~~ion ..e a

the cn . :la t e , a i -ann  to ;. , a r i a  a i ~~yi i i i t H i t - a , ~ u Sem; i y 5 t H .  t u i - .d

as

\ — p p :
-0-~~~ ~— O - -

~ h is  c . f i ; n l C  Pr e - :-o:~~s ! v:  . t i : ~5;s ’ in wh i c h  th e  L a d  r e s u m e s  tb -a

c . i t a ly t  i ca l  ly

*Pb + NO -— ---
~~ PLO

*
Jh ‘~) + C —

~~~~~ Pb ~ CO.

Sub , at al , f e l t  t h a t  th e  m c i u c t i s ~ in NO was in a l l  prob abi l i ty  caused

by its r e a c t  i on - - ,r :h ~
i 2 to form “2 + 1120.

Thus  Sub , ot i l , co n c l u d e d  t h a t  tn e  b a l l i s t i c  m o d i f i e  r a f f e c t e d

t h e :  i n i t i a l  S t .  in  t b -  u . -c oca o s i t r o n  of N C  p r O p a l i a c t S  v i a

t i e  l . .::i coe cou nd  u~~d N C .  This -..e S su n r ;o r t a d

ic y t o . : ;r  t : , . o 0 ; e - n i a  an d c e i s c o s ; .  s c i c  m e a s u r e  e tc  at  b c ;  ~ r e e s u r c

ea : . ::co J i h ; 5 - ~ r s . s c t i n: do:::;: 5 : .~ 1 , ~~~~~ h~~c e : e e e - i c  ::r .:nict ~~d

t h i t  r ;r :i i f i . is  s ;mh as lea :1 sal  i c -y l to p1 oc] an ir: c ho l at e  t y p e  co :npo u eb s

do cause super—rate  burning , whi l e  l ead  t et r apheny l  (covalent  bonded)

Fif er and I anr ;on 8 proposed tha t  th e  Pb cata lyzes  the format ion

of CO 2 in the fo l lowing react ions:

CO + CO ~~
-
~~ --* CO 2 + C (solid) L~~H -41 kcal/mole

CO + FI ON C) ~~~~~~~~~ 002 + C (solid) + H 2 ~.H -40 kcal/mole

and CO + N 0 -~-~-~ CO 2 + 1/2:; 2 . H  = -89 kcal/mole ,

8 
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Sine- c t b .  cc s : . - - x e t h . -r:  ic , t hey  1- - ad  to  h i g h e r  t- a r ’ .p - r e tu r e s They are
- 11 , 12 -

net in a c r - am e n !  w ; L : l  (~ cap ,  -t ~ J , t~~a t  t h e  e u t a i y t ; C :  ( lC t P .O t ’J  15

located in th e secondary flame zone . Rather , they suggest that  catalysis

t kcs c l a n -  r e  in  ly  in or or~ t h e  Lur ~ ing  sur  f ace , or in t i e  f i z z  zone

i : iey  We : ; r a e  . ; i : n  t l ; a  Ci a Li !-: h y p e t : s;~. O~~i t e e  b as is  t i n t  a n on—

chelate such as PbO can cause super-rate  burnin g .

111. EX PERIM E N T A L APPA R lUci ~hND FR OOLDU R E S

A M ass Srv ~c:t r o:ra-t er  1~u o ar a t u s

The appara tus  consists of two separate ent i t i e s .  The

f i r s t  sectio n is the  hi g h t e m p er a t u r e  v a c u u m  fun iac -a  fu r  hea t ing  the

v ai ious  reaction cells to t e r r p e r a t u r e s  up to 2500 °K . The second is the

mass spectrometer vacuum chamber in which a quadrupo le mass spectrometer

is held in a high vacuu m (10 m mci Ho)
The fu rnace  chamber is fabricated in a cross configuration

us ing  304L st ainless  steel 12 ” and 3 1/2 ” d iameter  schedule 10 pipe

and 3/8” thi ck p l ate .  The m ass spectrometer system seals off one of

the 12 ” pipes , while  the other 12” f l an ge  support s the furnace  assembly .

Dur ing  the  furnace  op e r a t i o n  the 12” pipe i s cooled w i t h  Freon 22 which

is expanded th rough  a coil of 5/8” copper tub in g  soldered to the outside

surface of the 12” p ipe . Each 12” f lange is air cooled us in g high speed

bl owers . The  fu rnace  ch a ;r ~her is evacuated by a 4” high sp eed d i f f u s i o n

pump (750 1/s) . The  d i f f u s i o n  pump is backed by a two— stage for epump

( 100 I / m m ) .  Both an expanded water  cooled chevron baff le  and a 4” cold

tra p are included  in the  s ys t e m .

The mass spectrometer vacuum chamber is constructed in

a cross conf igura t ion  us ing  5” and 3 1/2 ” 304L s ta inles s  steel pipe .

The pumping system consists of a CVC dif fus ion pump,  a Granville-

Phi l l ips  Cryosorb cold tra p and a Cenco Hyvac 7 fo r epum p .  A vacuum

of I x 10~~ nra Hg is obta ine d  in the chamber  wi thou t  b ak eou t .  The

reaction cell and flow system are mounted on a separate plate , which is

sealed to the m a i n  [l u n g e  ny an 0— r i n g .  Th i s  a rr an g enon~ fa c i l i t a t e s

the maintenance  of the reaction system without disturbing the furnace

I
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mai n t a i n  J at constant  p r e ssure  during an o > : p e r F a — c r i t  (only 1,~ i _ n u c e t i c r

in tank pressure during a one-hour experiment) .
The qu adrupo le  m a s s  s p e c t r o r n r t e r  ( m o b - I  Quad 200 m a n u —

f o c tur e :3  by !1 et m a: s ; . :  A c s o o x~t c e , I r i s .)  bsr i; a r e-eel ;! ion of ~OO ai ;d

a sensit ivity of torr for 
~~ 

whe n an electron mul t ip l ie r  is Qsed
in conjunction wi th  an e lect rom eter  ampl i f i e r . The quadrupol e  prob e ,
factory mourrte i  on a 4” Ul t ek f l a n g e , projects  approximate ly  9” into

the vacuum sys tem.
The det ect ion of a gas spec. s in a molecular  beam by mass

spec t r o :nct r  is ::e sr a s !  :-vn t  is l im i t e d  by th e  i n t e r f er ence  of back ground

gases ,at the same rn/c n u m b e r . Since the molecular  beam c:ross— section
is only a fract ion of 4 ir s teradi ans  at the ionizer ( —  iO~~) the effective
species “ pressu re ” in the beam is consequently a t tenuated by this  factor
relative to the back gr ound gases .  This in te r f er ence  reduction is
accomplished by providin g the sen .arate  pumping  chambers where a 100— fold
pressure di f ference can he m a i n t a i n e d  betv .’oen the t wo chambers , in
add i t i on , the use of a t ube ins tead of an orif ice in the e f fus ion  cell
prov idc ng a mo lecular  ecarn d i ; i -u r i i s h e s  t i l es  number  of o f f — a n g l o  molecules
tha t arr ive at the ionizer , th us  r ed ucing the pressure in the source chamber .

Ion curr ent s  which on i i n a t e  from species in the mo lacu lar

beam appea r  as a 30 c/s sq u ar e  wave  whi le  i . a ckground  gases cont inue

to exist  as a d .c .  c u r r : n t . T h e  ou tpu t  s igna l  f rom the electrometer

amp li f icr r is fed to a Princeton Applied Research Model JB4 lock—in
a m p l i f i e r .  The reference si c cna l  for the lock—in ampl i f i e r  is derived from
a signal generated by p a ss ing  two minia ture  magnets  past a magnetic
recording he;~J .  These macr io ts  are held r a d i a l l y  in an a l u m i n u m  disc ,

at tached to the shaf t  of the motor . Minor a d j u s t m e n t s  in the phase angle
are effected by a delay circuit in the reference wave generator , The
detecti on l i m i t  of the  electron i e u l t ip ] i e r  c u r r a n t  uch c aved is lO~~ A ,
which is equivalent to a few ions s~~ arr iving at the electron mul t i p l i e r .

In addi t ion , an a .c, current  can be observed in a d .c .  signal  1000 t imes
greater .  To ascertain the source of the chopped ion a sector with

10
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se-v- -i - i hal-a ;; r an : ir. f r  1/ i f ”  to 7/ 32 ” in 1/32” st~-ps cen ,h . .

in the  oca ni p i t h .  d p - C1e~ ~. - . ; . m- : l a ; ; ; in a te  sob ~ly  from the  ca l l  snow

no significant attenuat ion with  hole sizes 1/8” and above , This  sector
is a p p r e x i r : i a t c . ly 3” f rom the  ic t  ion cell.

T n :  i - c~ . l e t ;  ~~ t b :  mass  sp eet i en ete l  is 1 in 500 ama

The effect ive resolution can be seen from an exa inin a t -~ari of the isotopic
dis t r ib u t ion  of a la r L ~:-j t u n g s t e n  mn olecele , WF 6, as shown in Figure 1.
This f IgUre shows t h e  relat ive in tensi t ies  of WF 5~ (the  maj o r  species
in the cracking pat tern of WF 6) , which are in excellent agree m ent with
the known relat ive p er c e n t ag e s  of the four tungsten isotopes .

Addi t ion a l  f u r n a c e  and m u s s  s p e c t r e -m e -t a x  d e t u i ) c , as

well as ;a”tho ds of c a l c u l a t i on  f a r  o b t a i n ;n g  peci (is and concentrat ions
fro m the dual  vacuum f u r n a c e  and muss  spectrometer sys tem have been
presen ted previously .14 ’ 13

13 . Four — S~~jje D i f f e r u c  ~~y_Pumpe d _V acuu:~ _~~ stern

To accompl ish  th e  opera t ion  of a f l a m e  ~t a p res su re  of

one a tmosphere  and a t the same  t i me obtain t he mass  spectra of th e
cc::: s a t m o n  “ 1 r 0 7 cr t ” see -d ec ero -lu ceci  in t he  at m o s c a b - e r ic flare :: r e qu i r e d
the -  const ruct ion ar i d a s s emb l y  of a f o u r — s t a g e  d i f f e r  e nt i a l iy  pu rn p ae i

v a c u s~ra s y s t e m .  This sys tem r )r ov ioa s a pressure var ia t ion  from o:ie
- 

_ i 1
atrri ospnore in the f i  c i ac e  to 10 a tmospheres  at t ac crass spectroro t e r .

The f o u r — s t a g e  d i f fe ren t i a l  v a c u u m  sys tem is shown scnemat ic a l ly  in
Figure 2 .  A brief t echnica l  de sc r ip t ion  of the appara tus  is presented in

the following sections .
1 . Buncer and F i r s t  Staoe

A unique fea ture  of the system is th e  p lacement

of th e  sampl ing  orifice to the  mass  spectrometer inlet ( - - ‘i t h i n  3” ) . The

burner wa s  des igned  as an integra l part of the system surrounded by

two stages of pumping , In order to f ac i l i t at e  d i sm a n t l in o , mod i f i ca t i on

and r .  a l i g n m e n t  of t h e  i - .;r c i - :r  and  f i r s t  two or i f i c e s  (a a m a  ii: ;;; o r i f i c e

and molecul ar  bear: sk im. cr a r) the burner  and orifice assembly  was con—
as a dec c en t : ; :  :aoi t~~~ia  u n i t  t is . ’ at t e c h e t a  the  h :~~h Vci cuumn

pumping  st~ ge~ ( re larçj e fh-i JTTS~Tht ic ’s) . i n :  f ir s t  s tage  is

11 
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277 270 279 281

M/~SS ( amu ) 
-

Observed Analyt ical
in t ens i t y  Concent r at ion

W 180 F 5~ — 0 . 1

2 6 . 3  2 6 . 4

12.8 14 .4

w ’84 r’~ 31 .6 30.7

W 186 F 5~ 2 9 . 3  28 .4

Fig . I . Ma a ;; S p : c t r c ; nc  at si Is . . to ~sK: I n t e n s i t i e s  of
- M ~j or Fr ore -nt , WF 5~~, f r a n WF~~(~ ) (70 aV

- ionizing eiis-rg ~ )

12
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7
c c: r ln n t ,  a l to a lu ’, .’ capac  ty  v a c ’l u n i  pi i : : ;p  to uch :u v a  pr essures  l~~-1ow
atne ~: ; n  cc. i be f i r - t  s:~~~c a ., olc ; ; : ;  s y s t o : i  I ;; f u : : v e t~- ; i I n cas  3” glass
pipe and is mount ed inside a 6” i • d .  glass pipe T—s e ct ion  which is
conn -~ t-  d to  t b -  second ; t a -~ of p u i : o i n -J ,  T b ’  f la r . : - is x a n i t -d by an
eIe~~t 1i~ s p . i i } c  an d e~~; . ;a : r1 lt  ci :e t ;i e . i l  h.a,j .. i ; i J  C ~:n , - c L m  acs  an. .
provided . The burner is su r rounded  (except for  the s ight  hole) by a
copper tube to prevent Joc~ li zed overheat ing  of the  glass  pipe by th e
f lam e .  Inc  12’ vac uu m c:-i~i u s s r  ( t n ;r J  ~,t a g e )  has  a port t h r u : i g x i  wh ich
the fla me can b- cbs . no

The bu rne r  consis ts  of an outer  a l u m i n a  tube  3/8 ”
o .d .  by i/~ ” i , d .  a r s . i  co i n n e r  :t a i r i l e s s  St t o : l  t a k e  l/ lh ” i .d .  t h r o u g h
which fue l  gas  , j n c l  a i r  a i r  a p s:;~ - :1 .  C i ~irn ic or i f ic e-a , such  as a l u m i na ,
are emp loyed and are heated directly w i t h  the f l am e , The orifice is
f i t t ed  b etw~-cn two cop p er  p lates  and  ..‘;it er ce-ol e-c l .

2 .  S e e - en d  d t , r :a m d  ~~ cj ’  i ’ t I l ~~j I i ’  cu S k i n a n a n
T ~~ s ec or i -J St age  ( f  p :.x : : cpr r lg  cons m a t  S of a eLi n ical

pump combined wi th  a 6” d i f f u s i o n  p u m p .  The second s tage  pumping

~-t ot lon  is co ::e-. c l :J I t b ’  1 2 ”  va ’ - usm: : :  c h e r u b - - i ( t n ; x J  I n : ) t~ , m ee:h
6” i . d g lass  pipe , ‘a-h xc : h i a ca - a n n e c t  - -i to th e  6” 1— s c a t  ion ra n t  i a r m e d  above-

In s id e  t h e  12” vacuum cn c n c h e r  t k m a  mo le cu lar  b eam
sn l ;u m c r  is a t t a c h e d  to t i r e -  cover p la te  c lo s in g  L .a  cod of t he  ~~~~

‘ cj l e: - ;
pip e. The sk i m m er is a conical probe located w i t h ; ; ,  one r n - e o n — f r e e - -
p a t h  of tb -a sa ra :p l in :~ or . f i c e  ( a c e - a n — f r a u —  p a t h  of 

~~2 ~~ i o 2 : : c n ;  i s  0 . 5 cm)
for the purpose of conduc t ing  a portion of the f i r s t  expansion jet into
a second chambe r  at  a er as s u r e  less  t h an  ~~~~ macu . The second o r i f i ce
is s u f f i c i e n t l y  large to swallow any  shock wave v.’li ich can oth ’.. ’ r w i s t u
he f : ci a t  t h : — cee _- t i p .  T h e -  L m : : ; _ - :.: : is  dc- a :e’:d am f r ca a u . : 1  - cc : i c r
haa:r , re p res en t a t ive of the  f l a m o  gas~~- v,’ i t h  a m i n i ; n - c ; n  of ic~T l u c n c c
fro m coll isions wi th  surfaces , The s k i m m e r  h as  an eo: it d i a m et e r  of 1 .0” .
Irt  e c i d i t  ic -mi , L i -  t i e  ~ f t h e  s c i u m : a l  COfl~c is m ar ia  _ ;f U . U0 1’’ S I a sS  f o i l
pr ese n t i n g  a very sharp  aJ ee -  to the sue-e re -onic  qa s  f low

.i. i a :  - 5
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‘ , S ;  a’ t b - ‘, a u . ch cub- i s m -  • ;, ‘

p It  ~ mJ t o :  : : - . m a c c m - a l  sh op p er .

4. Fourt h Stage
The f o u r t h a t ’ . ( iso of s t a i n l e s s  ~t ca-1 )  is :c t tce -L- d

to t i m e  I - s i r  uf tm .- 1 2 ”  v u c u u n :  abc -x and  in an ;nt egra l p a r t  -oi tOs ; t

s y s t em.  It is evacuated by a mechanical  pump and a d i f f u s i o n  pump ,
no: a inal ly  of 4 ” inlet  d i am ete r . The th i rd  and four t h stages are in te r—
ca m i m i e : - e -  t a r ’ .~j gh a 3/8” aici r n u t e m  h o l e - .

The -  m a c a s  s p e c t r o m e t e r  employed  in c o n ju n c t i o n  w i t h  t h i s
expe r imen tal  ap p a r at u s  has  been deocr ihed in the previous section .
Tl~e r ae- th e - c l  of ca lcu lat ion  to ob ta in  :;pecies and con centra t ions  f rom
f lame s hav e  b- eec ; r ep o r t e d in detail  previously 16

1V. RESULTS AND DISCUSSION
The m a ss  s p e c t r e - m a c i c r  i n v e s t i g a t i o n  of t h e  organic  m e t a l l i c  sa l t s

a nd plateau burning prope l lants  was conducted in t h r ee  phases .  The
firs t ph a se  w a s  a decomposit ion s tudy  of severa l s a l t s  in c l u d im: g lead
a c-a t :; t -  - , I - - - ma  s a l i cy l .e t e  , 1 sal r e s o r c y l a t - a  and  copper  s a l i c y l s m t -a . In
addi t ion , r ua ng an -ase sa l icy la te  and s i lver  sa l icyla te  w e - m o  t - : st ed.  In
t h e  second p h a s e  lead and c-upper sa li cy lat e  were added to On FI ,/02
f l a m e - : -  in the  f o u r — s t a g e -  d i f f e r e n t i a l l y  pumped  mass  spectrometer  appar atus

to de t e r m ine th e i r  comhus.ion p roduc t s .  The f i n a l  phase  concerned

the i r ;v C s t i c l a t i r in  c f  t h e  p r o du c t s  of react ion at  ign i t i o n  of two prop ol lan t s :
(1) a double base propel lant  con ta in ing  2 .5% lead resorcylate; and (2) a
d o u h l - :  b ase p r op e l l a n t  c c r c t -u i n i n g  2 .5% each of copper sa l icy l a te  and  l ead

resorcylate .  -

Ph a se  I - Decorn~ ps i t i on of r g an i c  M e t a l l i c  Sa l t s

A . Load Ace ta te

The decomposition of lead acetate  was s tudied in a
te mpera ture  rij c-;ja  of 200 to 1300 °C. Figures 3 through 7 arc typic a l
mass sp e c t r e -n c - t a r  sampl ings  d en i c t i n g  doc ompos i t ~nn products  of t b - ’

sal ts .  Figure 3 shows the H 2 p eak at  41 0 ’5C . F i g u r . :  ‘1 is a scan of

the mass  r ange  where Cl-I , CU 2 ,  CH 3 and CH 4 would be cxp ec ’t c ’J to

15 



H 2

Fig.  3. Decomposi t i on of Pb(C 2 H 302) 2 at ~ 10 °C
(~i~ peak at 2 rim u)

16



Fig .  4 . Decomp o s i t ion  of Pb (C 2 11302) 2 at - i l O 0C
(10 — 16 a r n u  r ange , no evidence of Cl-I , CH 2 ,
Gil 3 ar ~b i . )

17
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12
0

Fig. 5. D-:cu: :m:s ..,~n i i , ca -at ~~~c~ 2 H 302) 2 at ‘i Ib ~ C
(H 20 peak at 18 amu)

18
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C02

FIg . 6. D e c o c ; ; j a : - a i t m o r m  c-f Pa(c 2 i1 302) 2 at 10 0

(CO 2 re -a k at ~i l c : cccc )

19
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P h I sot opes

Fi g.  7 ,  Dam ,::s. . u a m t i o r a  of P i (C
2 H 302

) 2
at 782 °C

20

-- -- -- - —  ~~~~~~~-- -~~~.—-  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- - . - - - ,‘ -- -— — — — - —-
~~~~~~~

.- ---- - --
~~
-‘---- ----- -—--,

~~~~~~~
,- -

a p p : - a r ;  ice -a- -oa r , macne  of t : m - .se S e- e C J C S  ‘a-ca cd aurv ~-d .  F i g u r e - s  5 and 6
d nic: t  t r a  i c , O no CO~ p s - c s at  - i l U C . As t m ; . . - o r :  m m c c  :n - :m t - a r ; e l s
decompose th e  Pb bonds are broken and t im e Pb rema ins  in the elemental
f e - u: - , w h i c h  o n - u : -

~~ as the - t ra m - -m -a~ ;mr c ’ i n c r ea s e s .  Fic e sr e  7 S h e - v a l b

I’ ; .  ;. 5 - c -  s -of r h - - a :  -~2~~G , ‘.- : i i :  0: .- u v i b - . i . :-:,- : P ;,-O ~r P. 5~~~. T i j ~
the overall dec omposi t ion of the load acetate in the t empera tu r e -  range of
200 to 1000 °C m u i v  b-s wr i t t e n  as

H 0 0 H

H II

low
tern p.

~ Pb(s  , 1) ± 2H 20(:j) + H
2

(g) 4 2002 (g) + 20(s)

h igh  t e m p .
Ph( a) .

B. ] . e - . c - i  S, . 1 i - - .- L t -
S i m i l a r  m ‘ i t S  ‘ ‘ - ‘ -  oI L: i.o-e~ w i t : ;  lead su l i c y l e t - a - .

a b as ’, -sn c- - s i b 1’: ::c-: r- -.-d at  lc~v; t- - a cue r ~~t cc r cs  (200 00) .  as
shown in F; a re ’ . -~~ c . r m 5 m : : j e -  a-u: :  of de c omp o s i t i o n  of tb -a sa l ;cy luLc -

I~ t~ ;e- t - c :a n :  m t en -c r c n ae s  (1 - - :  200 to 500 ’hci and  h i e b :  500 t a  100o ~ C)

may  h-s ’ ar i t t c n  as

H H

f l-C~~~C) Ph~~~O~~~C-f l

low t e m p . 
~~~

~~~~~~~~~~~~~~~~~~~~~~ Pb(s , l) + 2H 2 0(g) + 200 2 ( . )  + ( cc ) + SC(s) + 2 l i 2 (~ )

h igh  t e m p .
Fu( a) + 3112

(q)

21 
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C 6H 6

n
_ _ _

~~~~~~~~~~~~~~

Jv v

~~~~~~~~~~~~~~~~

Fig . 8. b~~n z e m :o P-a- :b- : at  200 °C An -~c sm r i ng f r e e -  the

Decompos i t t - an  of rh(C 70~ H 6) 2

22
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T i m e -  r e su l t s  u t - r u n - -au a - i ~ s n~~. sec - : : . :~ua~~ c m  of l ed d

resorcylate were sim ilar to those obtained with the lead salicylate .

The deco :rmpositi cn follow s the path of producin g the stable compounds
I T O  . m -~ C-0~ , -, :1.; Se- ::;e 0-aOO-  m a -  m n ~- - r i c o sit L a m -  n u n : -  -

~~ 
; -

~~ Ic:.-

200 00. As the temperature  is increased the lead atom only appears ,

o’i th no evidence of PhD or Pb0 2 .  The possible  mode for the overall

decomposition of the lead ~ -resorcylate may be wri t ten as:

H H

0 0 0
~~ // I

cS c

H H

low temp .

~~ Pb (s , l) 4 2H 2 0(g) + 3C02 (g) +~~~~ (g) + 5C(s) + H 2 (g)
I high t e m p .

Ph( g) + 3}-12 (g) + 60(s) .

D. Con- n b a i l - c a L - t o
The decomposi t ion study of copper salicylate  showed

t ou t , as i c c  t he  c-;se of the ic-ad sa l t s , t oe- k ine t ic  and th ~ r m ; ;od y rcenaic

path of decomposition resu l t s  in the formation of the stable species H 2 ,
H 20 and 002 and gaseous Cu.  Representative of the mode of decomposition

are F i - : c r r c r; 9 th r o a i ’m h  12 . Figure  9 show s a s t r om ;  }1
2 peak in the 1 to 10

ama m ;r u .a , v.’h i l e  F i g u r e  10 d a n i e L s  a str or ; cJ H 20 pc :ab in the  10 to 20 amu

range. A strong 002 peak appears in Figure 11 in the amu range 40 to 50.

‘I b ase  t h r e e  t yp i c a l  s pe ct r e  -,vra re t a b en  vshun the t em p e r a t u r e  of the ce ll

conta in ing the copper sal icylate  reached 500 00. As in the case of the

lead sa licylat e , some bo oze -ne was noted in the spectrograph.  Above 500 °C

no f u r L h c - r  decomposition products were obse~~ed unti l  the metal l ic  copper

23
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H 2

Fig . 9.  Decomp o s i t i on  of Cu(C 7 H 703) 2 (H 2 at 500 °C)
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- 
I
~
I 2O

F ig .  10.  Decompos i t ion  of Cu(C 7 H 703) 2 (H 20 at 500 °C)
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Co 2

Fig .  11. D ecor ;mn ~u-, it i -:in of Cj (C 7 iL1O 
~ 

( 0 , a t
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F i g .  12 .  l)a~:- - ace a i t m  n of Cu(0 7 11 2 03)
2 (C-~ - e a r S 

- —-

Cu Atom at 1370 C)

27



br n n  to v m p - e - r I : : e - ,  F i q u r . - 12 shows a gaseous  coppol p a ck  at  a t -r ; ;pc-ua t ’Jr e

of 1370 00. Th e 5 . V e - 5  v,’ m hh  d- .- u i c t - - J  in t h i n  fm - mi - a is 70 a a u , i . € ~. • 35
amu on cec :ii  side of the. Cu atom ut  63 a n u .  N o CuO(cj) is seen at amu 79.
The f ree  energy for the  re act ion of Cu and H 20

Cu(g)  + ki 2
O(~e) CuO(g)  + H 2

(~g)

at 1600 °K i s +28 . 8 kcal/mole .  Thus the reaction to form ga seous CuO
would not be them m odynamica l ly  feas ible ;  however , it is l ikely  tha t  th e
cond -a mms a d m i h a s e  of CuO(c) ::; my occur.  The p r o l o u l u  mechan i sm for the
thermal  J - a g m a c i e t i c c n  of th e -  copper n c a l i cy l -e t c  is

H H

0 0 0
~~~ //( -C~~~~0 C u — O — C ~~ fl

low
t :  : s c D .

— —
~~~~~~~~~~~ Cu ( s)  4 25120( ~ ~ + - (~) + SC(s) ÷ 2 i i 2 ( .: )

high t emp.
Cu ( ;) + 3H 2

(g) + 60(s)

E.  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1 ho d cocc -m p o s i t i - . -n p a t L  no of o r g a n ic  sal t s  of man g cm o~~s . :

a nd silver was al so s t u d i o - i  a l t hough  th ey have not been successfu l ly
employed as p la teau  burning ca ta lys ts .  The decomposition of silver
sal icy la to  fo l lnwe ’I  the  pa th  of t h e  lead and copper saIL ; . H c-wr ver , in

~

- - - - - — - -  . -_ -~~d-’4i~i ..t_o. ,ma t~-1~J~ic~sJ1vcr a Lom_s~ . a small  e r a c u n t  of Ag O was se -n in the

mass spectrometer  t rac ing  at a t e m p e r at u r e  of 1200 °K (F igur e 1 3 ) ,  Py m o lysis

of r ;- a ;u ; ncse .salic~— I -  so p - m o : i u : e d P . : C i , 0 L e -~ - ’ -_ : , icc  en ; o t t : -  3 : -miml ~
equ al  to those of the Mn element , Figure 14 shows the decomposi t ion

s p a  o t r a  of :c:cmc Jw :sc sol i c y l :t -a  ~t 1500~ I~. ::~~ 1 - ~ t I ~~ t h e  L i n e - l i e s ,

28
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Ag Isotopes

I

A uo

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

L

Fig .  13. D - - s o r r ~~- a s i t i - un  of Ag( C7 H 7 O 3)~ at 1200 °K

29



M ci

F ig .  14 . Dc co:m :p-o a i t i ’on -ci ~, i m ; ( C 7 iI 7O 3) at  1500 °K

30
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a~~ based only o:~ t h e r m o d yn amic  cons id - a r e u t i o r i s , it would he expected
t h a t  t h e  st - .uhil i ty  of MnO ( ; )  -0 - oL m id be g r e a t - -m t h a n  t h a t  of AgO(g) . br- a .- ,- er 17

lists the dissociation energy of AgO as 32 kcal/molo and of MnO as
95 kc a l /m c le .

A l t P a s uh t ic : :  d~~cc- :: :r - s ; m t i ,o of t i m  s u l i a y l a t ; s ;  is c i ; ; -  f l y

k in etic , t hey are temperature dependent . A study was made concerning
the rate of evolut io n of H 20 from manganese  sa l icyla te  in the t e m perature
range 200 to 300 °C over a 30-minu te  period (see Figure 15) . As ca n be
seen , during th is  period the evolution of H 20 increased nearly tv- .’o—fold
wi th the  rise in t empera tu re . The H 20 concentration decreased during
the la st half of the p-: -ri e -d as the sample  became depleted .

The pyrolysis and decomposition studios have yielded
the important  result  that  the lead and copper ato m s are freed from their
organic compound at t empera tu res  well below the combust ion range . Thus
these met a l l ic  e Ie - :ne :utS  an abl e : to r eact wi th  the n i t ra te  esters in the
pre-combus t ion  zone.

Phase II - C o m b u s t i o n  Studies  of Lead and Copper Addi t ives

Th i s  la. - o r - : t m ’ 1- ’s f .au r—~ t a g - .: c h f f - a m - .- : .t ;a l ly  p s m p a J  :: ::i-: . Ic: r n- i : :

ma ss sp o c t ro me tu r  appara tus  described in Suction III was employed to
st udy the combust ion product s of load and copper addi t ives .

A . Lead Sa l i cy l a to
Although the low temperature  decomposition and  pyr olysi s

studies showed the gaseous Pb atoms avai lable  for reaction with the
n~tr at c  e st er s , the i r  h ig her tempera t ure combust ion  nice -w e d the Pb b O O t i n g

in t he r m och em ic a l  e q u i l i b r i u m .  Figure 16 shows the maj or  peaks found
during the combustion of lead salicylate at 2300 °K . There were Pb , PbO ,

Pb 0 2 and H 3PbO 4 in nearly equal concentrations . From the react ion
the rmodynamics  f ree  energies wore calculated for these species .

For the reaction

Pb(g ) + H 20(g) = PbO( g) + H 2 (g)

a G of 15.3 kcal/rnole was obtained.  This results  in a .~~H f298 value
of 12 + 5 kcal/mole for PbO , whic h is in fa i r ly  good agreement  with

31
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H 20 P eaks

- L

Fig . 15. Rate of Evolution of H 20 from Mn Salicylate at

200 °C for  a T h i r t y - M : r c -.m t e  lot c e -n i
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Ph0 2

PbO

i-13PbO 4 Pb

P0

207 end of sca n ~~2 74 23 9 223 20 7

Fig . 16. Pb Salicylato at 2300 °K in the H 2/02 Flame
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PbO(q) + H 2 O(g) Pb0 2 (g) +

a /~ G of 16.5 kca l/mole is obta ined . This r e s u l t s  in a •- .~H f298 value  of
-24 ,5 + 5 kcal/mo le- for  PL0 2 ( :;)

For the xe - a c t ion

PbO(g) + 3H 2 0(j ) H 3PbO 4 (g) + 1-1/2H 2 (g)

a - -G of 3 5 , 2  kcal/ :nola is obt a ined  at 2350 °K.  This  m e -su i t s  in a ~~H 1298
of — 6 2  .3 kcal/r ; olu for H 3 PbO 4 ( g) .

The reaction entha lp ics  would ind ica te  t i ra t  toe f ina l
combustion products of the lead addi t ives  are those predicted by thei r
t h - - r : smady r so : :u i c  eq u i l i b r i u m  . Thus  it appears  that  the in t e r m ed iates  are
responsible for the  p l a t e a u .

B. COP n nr S-iflc I~~~~
A s in the  case of t h e  1-c-ad sa licyla te , h i gn  t em p e r at u r e

combust ion (at 23 00 °M) of copper  sa l i cy la tc  shows the format ion  of cupric

oxaie arid cup ’.ic hy droxide  in nearly equal concentra t ions , as car 1 tao seer ;
fr an  F l - c u r e  17.  Fr-c e energ i e s  can h~ calcula ted  for the re action s . A -~ G
of 27 . 4 kc al/ s;olo is ca lcu la ted  for t he  reaction

Cu(g) + J-120(g) = CuO(g) + I-12 (g) ,

A / - G of 0 is calculated for the reaction

CuO(g) + I-12 0(g) Cu(OH) 2 (g) .

Pha so 111 - lnv ost ~~jp- t I co of I ji ~Jug~~~o f I ~i*~a e Bai rn ing P r o p e - I l a n t s

The  m a s s  no - - e t c - a c m ten  t e c h o i c~s- -s d e s c c d - -: ci in th ’  c:rco .’ln us  s e e - t i O n

were employed to  s tudy the react ion c m - du c t s  of the p l a t eau  burn ing  p r op o l l ant r

at i gn i t i on . The ~c ;o p a 1 l a n t  s a mp l e  v.-as placed in an e f fus ion  cell which 

-~~~~~~~~~~~ - --~~~— -- __
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H 2CuO 2 Cu

Fig . 17 . Cu Sal icylat o at 2 300 °K in the -  11 2/02 F l auv. e
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‘.ca S L- - - ;L: -~ - m i d  em I l y u n t i l  i - :;c i t i ’a , : c c u r r e - d ,  Th e  a m a  r e m o J - a  c.’as ; m m o m : i t e - r -. . - i

— ;Si p 1: 0 r P m  1 - e m c e e - a ’ - - m y  : :p-oc ;es a r ; i v i n g  f m - r n  t m -  ~n ;t ; a . :~ -of

the  sa : :m p ie .  The t ; r a e — o f — f l i - g i i t  of a SpeCieS w i th in  the  quadrupol e  section
is ; n t }n-  m i m e r s ce -mini r a n : r - - . Th e -ca t h e ’  i n i t i a l  ni a ic le ic t s  f e - r i c e d  in t b
m - m - , :a.- I ; - e - . m - : : tj r ; ;  c i : -  c - - i — i - - : e c c f i u d  A l s o , l e t . - - r e n a - d i e t  :-m -He -c ;  ] . -r ; i r - m

a sh ort l i f e - t i m e -  (on t he  order of m i l l i s e con d s )  v- :ould be receivable at th e
m a n s  spa- - t c : : : : - : t e r .

The  p l a t e a u  b u r n i n g  p r o p e i l a nt s  in v e s t i g a t e - r i  vie -r e N — 5 , c o n t a i n i n g
2 .  5~/ Ic-ad m - a m - c y ] a t e , a n d  H E X — 1 2 , c o n t a i n i n g  2 . 5 %  each of copper -

s a l i c y lat e  and Iu~~d r e sorcyla t e - . A n ordinary double base propel lant , JPN ,
was al so  st u d i e s  for  c o m e n n i s o n  of the  product s of r ’-a c t i on

A , 0 r d m n a r ~’ D mj b 1 e B r s e _Prope l lant
The j P :-~ p rope l lan t  s tud ies  were made ne ar  the ign i t ion

tempe rature , appr oxi m a te ly  200 °C , to de te rmine  the  f i r s t  species a r r iv ing
at the m a s s  s pectrometer as a result  of igni t ion . The propellant was
c— a nt -a m e d  in a h ea t ed  ‘ - f f u s m o n  cell and the vap or  species produced at tb - .
point of l e m n i t  ion were de te rmined  at  f ixed se t t ings  on the mass  spec t romete r .
F ;r ; ar e  18 shows i

~ 2 com m a off the  coil t e m p e r a t u r e  of 180 00 , wh i l e  Fi gure 19

• cc , SO c~~~~~~ 2 
p c- .m e - s  a t  thee s a n e  t cmp - - . -m - t u~c.  As can moe

seen fea r: ; F i e j a r e  20 , very strong CO 2 and N O2 p e a k s  er- c produced . Con —
oicrH:1e - a rcc -c a rc t s  of i-1 20 ar e -  a l so  p r - a c e - n t . From ;; bce -ce -  f l e S S  sp-actr e -m- :-L m

i ; n : l ;o n  s t u d a c s  i t  an p e a r s  t h a t  the  deco cccp-os i t ic aa of double ba se  prop ellants
fncl lov .’s the: c l a s s i ca l  pa t t e rn , producing Il 2 ,  H 2 O , 

~~2 ’ NO , 002 and NO 2 .
Fo1i~~-.c’i: g the i pr i t i on s tud i e s  t h e  co mL - us t monm product s

of JPN we-re examined .  Figur e -  21 shows these species to be H 20 , N 2 ,
and CO 2 ,  with a smal l  quan t i t y  of NO , The NO 2 concentr at ion was
negligible.  Thus the mode of decomposition follows the ini t i a l  break-up
of t o :  ne t ra t -a .  ca t- , r j ot :, NO ; cicl NO 2 groups , with a c c- rmsie i -, - :-~ h ic  q u a n t i t y
of mo lecu la r  hydro g -.an;  the  subsequent  combust ion  fol lows the e q u i l i b r i u m
:a - : , i - ,- , p : o n e - s i n g  the : .cajor  s p e c i e : : as p re d ic t-cd by th~ t ie -  r: cody ; ca ra ic

equi l ibria ,
B . 1.-ca d i aH i t ivn - __D a u h l e -  B ase Prop . 1 ] a n t

For th e -  i nv e s t i g a t i o n  of the p l a t e a u  P - a ;  c ;n- g p m C~~e I l d e - t

l - i— 5 the  m ass  sp e -ct r e - :n  c - t a r  w a r  s -t to re ceive species in t~ ; - c  a t om i c  r ;ass

~ 
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H 2

Fig . 18. Decomposition of JPN Propellant
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00 , N 2

FIg . 19. Decomposition of JPN Prop ellant



r

NO 2

A CC) ,

~ll 1\
Fig . 2 :.  j r: : Pr -: : 11 j u t .  nt I g n i t i o n

39



i’ inj . 21 .  M a j  -r Fl-i - cia S e - c o m e - s  of JPN Pro n - a l l an t
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m o n a ; ; of 2 00 to  30 0 , v. ;c ;c ; h vie -o ld  include Pb into! :m ; - ;d ia t ce s or compou nds

m m - s m ; ;  cH t  ‘ . c .,  ~~J - i a l ; :a a i t - -e- u n t i l  a prc :~su : e  ch :m- ;  w-j s nom -J

on the ionization gaug e , indicating a release of gaseous material .  After

ig ni t ion , but p rior to combust ion , gaseous atomic Pb and PbNO 2 were

e-hs rrv -b in th e  rn~m s s  n i - - c t  r ’ne : - ,t or , Figure  22 shows the  noise level in the

200 — 300 amu range as the cell was being hea ted .  Figure 23 show s the

Pb a nd PUN O 2 a rrivin g a t  the moss spectrometer a f t e r  igni t ion occurred .
The fe - i in er t i-o n of Ph’ 02 as an i n t e r m e d i a t e  re su l t s

from the breakdown of the ni t ra te  cstors into NO 2 groups which are readily

a t tached  to t h e  gaseous Pb a toms .  The free enorgy of reaction would favor

th i s  type  of compound f o r m a t i o n .  0th -c r N — S  pxopelL ,1s1 species p ruJac ea J

were al so  id~-n t i f i e - i .  Figures 24 th r ou gh  26 show thee major  vapor S p e c i e - S

• present a f t e r  i g n i t i o n .  Figure 24  covers the mass  ran go from 15 to 18 ,

showing 1120, OH and OH 3 peaks .  r ig u r e  25 depicts  the range 24 to 32 ,

with C 2 H 2 , CO , N 2 , NO and °2 peaks appeari n g .  F iciure 26 covers the

Ii to 46 mass  r an C- : , s h aw ir a g CO 2 d c c  .
~ ~

O2 peoks . Tb - sec b - m t - i  i m ; e i i c ; m t o

tha t  at ig n i t io n  and prior to reaching the adiab at ic  combustion t empera tu re ,

r ; -1 eC - m - m -re - - e r i s  od ~0 2 c c - .- ‘, :i. i h e -  c : ; c - ;e - aei s P m 0 . 5 C i O  C0 

w m t h  the  ~
02 ar id f o r m  i bN O 2 , t iea m- t~y h-d O t e  s e - c r - . ~f t b-a wt ;  it  -i e•• i t  :r - - - J t

f ur t im - -ar r eaction in the in t ermed i a t e  ph ase  prior to r- t c:m ai y st - ; 1- c c ;onmeas t . co

- 
C . Copper  am -m -  m - ç e -  i~e~~ie J,L O~~L,:: o-~~ L~ i- ebL

Fol l owing s t u d i e s  of the N — S  p io~n e - ) l e - n t  tb -c U l .\ — 2

propellant containin g e o e r c m x i r n a t e l y  2 .5% each of l e d  ~ — in sorcy l u t c

an d cupi ic  sal icy lat -e  c- . as e-:-e: cc ;; ; ; - ed .

In i t i a l ly ,  i g n i t i o n s tudies  were con ducted , wi th  the

mass spectrometer set to cover the a r cr u ra ng e- 60 to 13u to d e t e r m i n e

the species Cu , CuO , CuOH , CuNO , CuNO 2 and Cul-~O3, if p m - scot at

igni tion . The propellant  was  heate d gr a d - sa l l y  in c c c i  o f f - a . c - e l i  un t i l

ignition occurred. Repeated runs war -c made. at the vail-ce -s amu  peaks

to de termine ’  ~vh - t h c - r  cccv Ca c pa - d es v ’ c : I e  i - IL S :1

Figure 27 shows a good v -: ~ k of C-a ( :)  ;: i . e -cm -s  at  i- ri it i  Cr!

F i g u r e -  28 is a com~~a s i t c  -. ;c ;i i - ;sce t m . m c m.  s b c , i c  t -e ‘ a c r e  5:’ . Ct re - e m

func t ion ing  before and af te r  igni t ion . As c — i n be- S-a- c!!  f r o m ;  Fi c a r e - 2 d , f l —

4 1



Fig. 2 2 .  Mass Spectrum of N-S Propellant in the 200 - 27 5 amu Range
Prior to l O r i t i -  01
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P bNO

Fig.  2 3 .  Mass  Spe ctruin of N — h  Propel l ant  in t h e  200 — 27 5
a mu Ra mme ; - : at I g ni t ion
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H 20

Fig. 24 . N — S  Pr ope l iant  at Ignit ion
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Fig . 25 .  N — S  Propellant  at Ign i t i on
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pe a k : -  a ! .  p- i- -c _ - nt  i i ;  t h e  am : ; u  n m - g e 70 to 110 u n t i l  a st r on g  pr~~k at  110

neon - - s ; - - n - u ; .  ; t a  CJ OJ /
( . )  is  c b s - - m v- -i - t : o o:’:Iei~- n cc a ’dr ’ , :-: i ci - , S c r’ .-

d i c c ~e - I ; e-. IL - ibc - Ve -  t h -  mio i : - . I c -i . 1 . l’i g u m ’ e - ~9 c n - ’•vd t h e -  Ph un ; i

peaks obtained from the HEX- 12 propellant .

V.  S UM ~b c i t i

In assessing the exp am ime n ta l  resu l t s  obtained during the f i rs t

three phases of t h e -  c ( c ; ; t i nu i r i cm s t u d i e s  err p l a t eau  burn ing  propel lant  at

th i s  laP-a ;  at u iy  , S - e - V c m d l  i c c i a - e r t o n t  f a c t s  m c c o y  be br ief ly  S u i ;m : -J iAL.  cl,
1. The s tudy v.’r s  m ade  en t i re ly  of gas phase  species . The

react ions  inves t iga t ed  inc luded  those on the  burn ing  sur face , f i zz  zones ,
and t h e e  c-am: ;bus t  i e m ;  a x - a . Th ere - -a go a- ph: ; se r e a c t i o n s -  and the c,eh c-r : ;as try

involved allowed some -  conc i-asion s to he mode r egard ing  t l ie r  e s t a b l i s h m e n t

of mech anisms  for t im ’ -  p l ateau  burning effect . Since t h e  s tudy  was  of

g~~.a ;b sms  s p a d e-s only ,  no n e t t e - m o p t  wa s  made  to e s tab l i sh  the  role played ,
i f any ,  by tb. .- c c e - b - c e - c - e d  phases  for p roduc ing  the  p l a t eau  bu m - ni n -q e f fec t .
}Ie ~-~-;- ,- v e r , the  f ac t  t ha t  the mo ss  spectrometer  s tud ies  of the decomposi t ion

of th ~ c l a-a d r i  - ; a r ; i c  sa l t s  es tab l i shed  the format ion of the metal l ic  lead
d . , i e  i t ;  f la t : ’, t o  ~~~~~~ ) 1 ~ a n . ;  c - en-i - . : ; S e - u  a - c ; - sCcs  do e - S  n ot  conf l ic t  .- .c i t h  th e -

tb  ‘-co a — i ~ ; m - , i cmi , Ii 12 t h a t  l i q u i d  m e t a l l i c  lead a g gl o mer a t e s  form

or; t i0 . a t e ;  i :~ ; S U O _ m C-Ct

2 . Lc-e-  m . m t  -~ , g i i f ;e ; ..m n t  r e su l t  of t h i s  s t udy  is tha t  t h e ;  decomposi t ion

Of t P .e: i m ; - c t u l l i c  a c ic .i ; tn- -:c s r e su l t s  in the release of free gaseous meta l l ic
- t  mis  • . i ; ; r h  :~~t - r o t h  + ‘ n e- ni t r - c t -: -  c -s te - i : :  to form: ; PP NO 2 e e c - i  cu:- o-~.

cc c m o r ; e m t  m-:; ~ f t n - a  qe se-ous me ta l l i c  n i t r i t e  may be the chie f  cr i tc i  ion

f a t h e  caus e  c-f t h e  mesa off- act .

3. The PbNO 2 and CuNO 2 species , upon reaching the f lame zone ,
reac t to form metal l ic  oxide-s and hydroxides , as predicted by the
t i m e r ,  oniyna ;sic  e q u i l i t  - n a , r e le -as ;n g  on a de - i t i on eu l a m o u n t  of en o l g y .

4 .  A l though  p la t eau  bu rning p ropo l l an t s  have previously been l imi ted

to oi : pi -oyi r ; j  em n e t - a l l i c  ar’j e - n i c .  s a l t s  as a d d i t i v e s , it is SLmc ~~e- S t -  d t h a t  f ;-ci ; t h e

re -act ions  t ak ing  place s imi lar  effects  could be obta in ed by either a mixture
of lead oxide acid carbon black or the metal l ic  clement itsel f . The lead

oxide and carbon black mix tur e -  would produce CO ari d Pb.
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